As a renewable and environment-friendly technology for seawater desalination and wastewater purification, solar energy triggered steam generation is attractive to address the long-standing global water scarcity issues. However, practical utilization of solar energy for steam generation is severely restricted by the complex synthesis, low energy conversion efficiency, insufficient solar spectrum absorption and water extraction capability of state-of-the-art technologies. Here, for the first time, we report a facile strategy to realize hydrogen bond induced self-assembly of a polydopamine (PDA)@MXene microsphere photothermal layer for synergistically achieving wide-spectrum and highly efficient solar absorption capability (~ 96% in a wide solar spectrum range of 250-1,500 nm wavelength). Moreover, such a system renders fast water transport and vapor escaping due to the intrinsically hydrophilic nature of both MXene and PDA, as well as the interspacing between core-shell microspheres. The solar-to-vapor conversion efficiencies under the solar illumination of 1 sun and 4 sun are as high as 85.2% and 93.6%, respectively. Besides, the PDA@MXene photothermal layer renders the system durable mechanical properties, allowing producing clean water from seawater with the salt rejection rate beyond 99%. Furthermore, stable light absorption performance can be achieved and well maintained due to the formation of ternary TiO 2 /C/MXene complex caused by oxidative degradation of MXene. Therefore, this work proposes an attractive MXene-assisted strategy for fabricating high performance photothermal composites for advanced solar-driven seawater desalination applications.
Introduction
Freshwater resource shortage is increasingly becoming an urgent worldwide problem, especially in human life and industrial development fields [1] [2] [3] . Currently, one of the most effective and ecological ways to meet the escalating demand for freshwater is to efficiently utilize the abundant solar energy to trigger rapid water evaporation for freshwater production [4, 5] . Despite the ubiquity of solar-driven evaporation in the natural environment, traditional solar-to-vapor generation has relatively low evaporation efficiency due to the insufficient solar utilization and inevitable heat loss [6, 7] . In recent years, numerous research suggests that the solar-driven interfacial evaporation approach is an efficient way for achieving relatively high evaporation efficiency without optical concentration thanks to the enhanced heat localization at the water-air interface [8] [9] [10] [11] [12] [13] [14] . This approach allows selectively heating the evaporation portion of water rather than the entire bulk water with the assist of photothermal materials, effectively minimizing the heat loss into the bulk water.
In order to achieve efficient solar-driven water evaporation, appropriate photothermal materials should possess the following properties: 1) outstanding light absorption in a wide wavelength range and excellent photothermal conversion capability; 2) low thermal conductivity to localize the heat at the evaporation interface; 3) high hydrophilicity and porous framework to render sufficient water transport to the evaporation interface [15] [16] [17] . As such, various heat localization layers such as metallic nanoparticles [18] [19] [20] [21] [22] [23] [24] , semiconductors [25] [26] [27] [28] , carbon materials [29] [30] [31] [32] [33] [34] , polymer [35] [36] [37] [38] [39] and biomass [40, 41] materials have been demonstrated to be able to significantly improve the solar-to-vapor efficiency compared to conventional bulk heating approaches [42, 43] . Despite remarkable advancements of the solar-driven interfacial evaporation have been achieved for the freshwater production application, in fact, it is still challenging to integrate all of the above features into a single component system.
As a melanin-like biopolymer, polydopamine (PDA) [44] , produced by the oxidative polymerization of dopamine (DA) under weak alkaline conditions, has shown great potential in the solar-driven seawater desalination field due to the broad light absorption, high photothermal conversion efficiency [45] [46] [47] and good biocompatibility [48, 49] . For PDA with conjugated benzene, the photo-thermal conversion mechanism is considered to be that the large number of conjugated π bonds facilitates the excitation of electrons by visible light irradiation, associated with various π-π* transitions, making PDA show black. The excited electrons relax by means of electron-phonon coupling, hence, the light energy absorbed is transferred from the excited electrons to vibrational modes throughout the atomic lattices, leading to a macroscopic rise in material temperature [50] . However, PDA has poor solar irradiation absorption (only ~ 60%) in the near infrared region (> 800 nm), severely reducing the utilization of light in the entire solar irradiation spectrum. Therefore, regarding solar-driven interfacial evaporation applications, it is necessary to increase irradiation absorption capability of PDA in a wide wavelength range.
Very recently, MXenes (with the chemical formula of Mn+1XnTx, where M represents an early transition metal, x is carbon and/or nitrogen and Tx refers to surface functional groups), a new family of multifunctional 2D materials with many attractive and tunable properties [51] [52] [53] [54] , have been developed by Gogotsi, Barsoum, and colleagues [55] [56] [57] . A droplet-based light absorption and heat measurement system shows that Ti3C2 MXene has 100% internal light-to-heat conversion efficiency [58] , indicating the high application potential of MXenes for solar energy triggered water evaporation. As we know, the MXene has metal-like characteristic, thus the photothermal performance is generally considered to be caused by the localized surface plasmon resonance (LSPR) effect of Ti3C2 nanosheets with semimetal character. However, the as-prepared MXene membrane with a smooth surface has just weak light absorption because of its strong light reflection, and at the same time, the densely stacked membrane severely blocks the water supply and vapor escaping [59] . Therefore, it is quite necessary to obtain rough surface and porous structures to achieve efficient solar absorption and steam generation in the membrane-based system [60] . Uniquely, unlike graphene or rGO, the distinctive surface chemistry renders MXene a combination of excellent photothermal properties and hydrophilic surface [61] , enabling MXene high potential in constructing 3D frameworks in aqueous solutions facilely [62] [63] [64] . Since MXene nanosheets and PDA microspheres have active chemistry surfaces, it is likely to build 3D framework by synthesizing core-shell PDA@MXene microspheres, and consequently obtaining composite structure with efficient broad-band light absorption and excellent steam generation performance. In contrast, carbon nanostructures (graphene, carbon nanotube) are difficult to form such structures effectively, moreover it often requires a high degree of carbonization or reduction under severe conditions (such as high temperature of about 1,000 °C) to realize high light absorption efficiency in carbon materials. Although some low-cost and environmentally friendly steam generators, such as geopolymer-mesoporous carbon composites [65] , have been designed and developed, the detailed preparation processes are still complicated. Therefore, regardless of the preparation technology or performance, MXene has certain advantages compared to other photothermal composite materials.
Herein, we report a novel strategy to employ melanin-like PDA microspheres as a reserved template for one-step construction of sell-assembly core-shell PDA@MXene microsphere photothermal layer as a wide spectrum light absorber for highly efficient solar-driven interfacial evaporation. The composite microsphere photothermal layer shows synergistic effect in efficient solar radiation absorption and solar-to-vapor conversion. By comparison with pure PDA and MXene membrane, PDA@MXene composite membrane has much higher light absorption efficiency. In addition, the spherical PDA endow the core-shell composites efficient heat localization and adequate water transportation channels caused by the interspacing between the PDA@MXene microspheres. Consequently, the solar-to-vapor conversion efficiency of the as-prepared PDA@MXene composite photothermal membrane is remarkably increased to 85.2% under solar illumination of 1 sun if compared to pure PDA (79.7%) and MXene membrane (75.5%). Figure 1 (a) schematically illustrates the preparation of the core-shell PDA@MXene microsphere photothermal layer. First, delaminated MXene (Ti3C2Tx) nanosheets were obtained by selective etching of the Ti3AlC2 precursor materials ( Fig. S1 (a) in the Electronic Supplementary Material (ESM)), followed by sonication and centrifugation via a previously reported method [66, 67] . Through the well-exfoliated ultrathin MXene sheets, the pores of the anodized aluminum oxide membrane were easily observed ( Fig in the ESM). The successful synthesis of delaminated MXene nanosheets was also evidenced by the shift of the (002) X-ray diffraction peak to a smaller angle and the greatly weakened peak at 2θ = 39° ( Fig. S3 in the ESM).
Results and discussion
PDA microspheres used in this work were obtained by the oxidation and self-polymerization of dopamine monomers in a mixture containing water, ethanol and ammonia at room temperature, as reported by Lu and co-workers [68] . The PDA particle size was regulated by the ratio of ammonia to dopamine. Owing to the hydrophilicity and electrostatic repulsion, the MXene colloidal solution and PDA suspension were both very stable in water ( Fig. 1(b) , left and middle vials, respectively). After mixing the MXene colloidal solution and the PDA aqueous dispersion under continuous stirring for tens of minutes, a large number of aggregates appeared and settled to the vial bottom, forming precipitates leaving a clear supernatant ( Fig. 1(b) , right vial), indicative of strong interactions between MXene and PDA. On the basis of abundant terminal groups (e.g., F, O, and OH) of MXene and hydroxyl groups on the PDA surface [69, 70] , we suppose that there are abundant hydrogen bonds formed between the MXene nanosheets and PDA microspheres, as schematically shown in Fig. 1(a) . As a result, the MXene nanosheets can be easily attached to the surface of PDA spheres, forming self-assembled MXene wrapped PDA microspheres (PDA@MXene) after the removal of individual MXene sheets via centrifuging.
Subsequently, the well-defined PDA@MXene microspheres were filtrated through a hydrophilic PVDF filter membrane to form the photothermal layer with a diameter of 4 cm on the PVDF membrane, as shown in Fig. 1 (c). Figure 1(d) shows excellent flexibility of the as-prepared photothermal membrane. Furthermore, the photothermal membrane was immersed in water and subjected to multiple folding and then released ( Fig. 1(e) ). Interestingly, the original form can be fully recovered, suggesting good structure integrity and stability of the PDA@MXene photothermal membrane, probably due to the interaction between the PVDF membrane and PDA or PDA@MXene caused by the abundant surface functional groups [71] . Figure 2 gives the microstructure evolution and phase compositions of PDA@MXene microspheres and PDA@MXene membrane. Transmission electron microscopy (TEM) image shows that the delaminated MXene nanosheets are ultrathin and transparent with a lateral size of roughly hundreds of nanometers, and the selected area electron diffraction (SAED) pattern with a typical hexagonal symmetry reveals the polycrystalline feature of Ti3C2Tx MXene sheets ( Fig. 2(a) ). The high resolution TEM image in Fig Furthermore, the MXene/PDA composite photothermal membranes were prepared by directly mixing MXene with PDA spheres with different sizes, followed by vacuum-assisted filtration. Similar to the individual PDA membranes, the four MXene/PDA composite photothermal membranes behave the same in the light absorption efficiency and water evaporation performance ( Fig. S7 in the ESM). However, considering the size matching and preparation process, we chose to prepare PDA with an average particle size of 490 nm. TEM images reveal that the as-prepared core-shell PDA@MXene microspheres have a larger surface roughness due to the surface wrapping of the MXene nanosheets, while inheriting the spherical shape and particle size of the original PDA microspheres, as shown in Fig. 2 (c) (more SEM and TEM images are given in Fig. S8 in the ESM). It is worth noting that the size distribution of MXene ranges from a few hundred nanometers to a few microns, resulting that the small-sized MXene is attached to the surface of the PDA spheres through strong hydrogen-bond interaction to form core-shell composite microspheres and the large-sized MXene bridges the core-shell microspheres together. The high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) image and element mappings of PDA@MXene microspheres revealed that the PDA microspheres were completely wrapped by MXene flakes (Fig. 2(d) ).
Fourier transform infrared (FTIR) spectra of pure MXene, pure PDA, and PDA@MXene microsphere membranes are shown in Fig. 2 (e). The typical peak at 546 cm −1 signals the surface terminal groups of -OH in MXene [72] . After being wrapped with MXene flakes, the characteristic absorption bands of PDA at 3,400 (N-H stretching), 1,500 (benzene ring), and 624 cm −1 (-OH out-of-plane bending) are observed in the FTIR spectrum of PDA@MXene ( Fig. 2(e) ) [73] . The PDA@MXene sample shows a C/Ti atomic ratio (8.07) and O/Ti atomic ratio (4.56), higher than that of the C/Ti atomic ratio (2.99) and O/Ti atomic ratio (1.35) of pure MXene sample, as seen in the X-ray photoelectron spectrometer (XPS) patterns in Fig. 2 
In this work, a simple vacuum filtration method was used to assemble the PDA@MXene composite photothermal membrane via the arrangement of PDA@MXene microspheres on a hydrophilic PVDF filter membrane. The as-prepared core-shell PDA@MXene photothermal membrane possesses unique surface wettability, as proved by the contact angle measurement results shown in Fig. 3(a) . Three types of membranes all show quick impregnation process, ensuring sufficient water supply for water evaporation. More importantly, compared with pure PVDF membrane, the PDA-PVDF membrane has a faster impregnation process due to the increased surface roughness ( Fig. 3(b) ) and natural superhydrophilicity of PDA. Noteworthy, although the PDA@MXene composite membrane shows slightly slower impregnation process by comparison with the PDA-PVDF one, the impregnation rate of the former is still comparable with that of the pure PVDF membrane.
Besides, the PDA@MXene photothermal membrane shows strong light absorption and photothermal conversion capability for the interfacial water heating. The spectrum measurements were performed to evaluate the light absorption efficiency of the as-prepared PDA@MXene photothermal membrane and the PDA-PVDF membrane. As seen in Fig. 3(c) , the PDA layer on the PVDF membrane shows negligible light absorption in the near-infrared regions (800-1,500 nm), while the PDA@MXene photothermal membrane has light absorption efficiency as high as ~ 96% for the spectrum range 250-1,500 nm. The excellent light absorption of PDA@MXene photothermal membrane is resulted from the rough surface caused by spherical PDA particles as well as the inherent light absorption of MXene in the near-infrared regions [74] . Consequently, upon one sun irradiation in the air, surface temperature of the PDA@MXene membrane quickly goes up to a steady-state temperature of 80 °C, while the PDA layer on PVDF reaches a relatively low temperature of 70 °C, as shown in Fig. 3(d) . This reveals that the unique wrapping structure can result in improved photothermal conversion performance of the PDA@MXene photothermal membrane. Owing to the smooth surface caused by dense stacking, pure MXene membrane shows a low light absorption efficiency of only ~ 85% (Fig. S9 in the ESM) . The top-view infrared (IR) thermal images of pure water, the PDA and PDA@MXene membranes floating at the water-air interface were captured by an IR camera to evaluate the photothermal conversion performance under practical solar-to-vapor generation process. As shown in Fig. 3(e) , the surface temperature of pure water only increases slightly under one sun illumination for 30 min. Compared to the PDA membrane, the PDA@MXene membrane exhibits a higher surface temperature after 30 min solar illumination of 1 sun, indicating excellent photothermal conversion capability of the PDA@MXene photothermal membrane for the interfacial solar water evaporation. Top-view IR images of the pure water, PDA and PDA@MXene membrane floating at the water-air interface under the solar illumination of 1, 2, 3 and 4 sun for 30 min are shown in Fig. S10 in the ESM and the equilibrium surface temperatures after 30 min irradiation are recorded in Fig. 3(f) . Obviously, the equilibrium surface temperature of the PDA@MXene photothermal membrane is higher than that of the PDA membrane under the same solar irradiation, indicating higher photothermal conversion efficiency of the PDA@MXene photothermal layer.
The water supply and floating performance of the PDA@MXene photothermal layer play important roles in solar-driven interfacial evaporation. As the as-prepared PDA@MXene composite photothermal membrane is not able to float at the water-air interface spontaneously, a piece of wood is used to assist its floating. Additionally, the low thermal conductivity of the wood minimizes the heat transfer to the bulk water, resulting in improved heat localization [75] . The naturally aligned microchannels of wood ( Fig. S11(a) in the ESM) and the interconnected pore structure of hydrophilic PVDF membrane ( Fig. S11(b) in the ESM) enable sufficient water transportation to the PDA@MXene photothermal layer [60] , which ensures that the subsequent water evaporation performance is not affected. The water can cover the entire surface of wood within 240 s once the wood was placed on the surface of water (Fig. S12 in the ESM). Furthermore, the PDA@MXene photothermal membrane immediately attached tightly to the wood piece and the entire membrane was completely wetted when placed on the wood which has been infiltrated by water, as shown in Fig. 4(a) .
Generally, larger steam columns can be achieved based on higher surface temperatures. Possibly due to relatively lower surface temperature as discussed above (see Fig. 4(b) ), there is no clear steam column appearing under 1 or 2 sun irradiation, while it starts to appear under solar illumination of 3 and 4 sun. In order to evaluate the solar-to-vapor generation performance, the as-prepared PDA@MXene membrane attached onto the wood piece floating on the water surface was irradiated under simulated solar illumination with different intensities, as schematically shown in Fig. 4(c) .
The photothermal evaporation performance of the PDA@MXene membrane with optimized loading mass of 0.8 mg/cm 2 PDA@MXene microspheres presents the maximum water evaporation rate of 1.276 kg/(m 2 ·h) under one sun illumination (in which, the evaporation rate in the dark field, 0.15 kg/(m 2 ·h), has been subtracted). It shows 10% and 17% improvements by comparison with that of PDA (1.157 kg/(m 2 ·h)) and MXene membrane (1.095 kg/(m 2 ·h)) (see Fig. 4(d) and Fig. S13 in the ESM), respectively. As expected in Fig. 4(e) , in the three systems the water evaporation rate almost linearly increases with the increase in solar illumination intensity. However, the PDA@MXene membrane exhibits higher water evaporation rates under various solar irradiation by comparison with the control membranes, showing a synergistic effect for faster water evaporation. This is based on the complement between zero-dimensional PDA spheres and two-dimensional MXene flakes, namely the spherical PDA microspheres assists the MXene sheets to obtain a 3D framework for adequate water transport channels and the MXene can broaden the light absorption wavelength range of PDA for sufficient solar utilization.
The solar-to-vapor conversion efficiency, defined as η = mhLV/CoptP0, where η is the solar-to-vapor conversion efficiency, m is the water evaporation rate (the evaporation rate in dark field of 0.15 kg/(m 2 ·h) should be subtracted to eliminate the effect of natural water evaporation), hLV is the total enthalpy of sensible heat (Q, J/g) and the phase transition of liquid-vapor (LV, J/g), Copt is the optical concentration, and P0 represents the nominal solar irradiation value of 1 kW/m 2 , was calculated after light irradiation for 30 min when the evaporation rate was stable (SI-1 in the ESM). As seen in Fig. 4(f) , the solar-to-vapor conversion efficiencies of the PDA@MXene membrane are continuously higher than those of PDA and MXene membranes under varied optical concentrations (from 1 to 4 sun), indicating superior solar-to-vapor generation performance of the former compared to the latter two. This also indicates the synergistic effect of PDA microspheres and MXene nanosheets in the self-assembled PDA@MXene for the solar-to-vapor conversion efficiency. The excellent evaporation efficiency for the PDA@MXene membrane is attributed to the reduced light reflection and minimized heat conduction loss to the underlying water, as well as the convection and radiation loss toward the ambient environment (SI-2 and Fig. S14 in the ESM). Additionally, the solar-to-vapor conversion efficiency (85.2%) under 1 sun illumination for the PDA@MXene photothermal membrane is higher than most of the previously reported results under the same illumination (Table S1 in the ESM). Furthermore, the PDA@MXene membrane shows stable water evaporation ability under varied solar irradiation intensity for 20 cycles (Fig. S15 in the ESM) . Considering that almost all hydrophilic evaporators were easily polluted by the crystallization of salt on hydrophilic surfaces, resulting in diminished water supply and light absorption efficiency as well as solar-vapor efficiency, we further observed the crystallization of salt on the surface of PDA@MXene membrane. The PDA@MXene membrane was placed on the surface of brine (5% NaCl solution) under solar illumination of 1 sun. Figure S16 in the ESM shows PDA@MXene membrane before (a) and after (b) 10 h of desalination, and after washing (c). A white layer of salt crystals can be clearly observed on the membrane surface after 10 h of desalination. But these salt crystals can be easily washed away, as shown in Fig. S16(c) in the ESM. Therefore, although the hydrophilic PDA@MXene membrane can be polluted by salt crystallization, these salt crystals can be easily washed off without affecting the subsequent evaporation performance.
Besides, a simple, portable condensed water collecting device was designed to evaluate the desalination performance of the PDA@MXene photothermal membrane (Fig. S17 in the ESM) . The results in Fig. S18 in the ESM show that the concentrations of the four primary ions of Na + , K + , Ca 2+ and Mg 2+ determined using inductively coupled plasma optical emission spectroscopy (ICP-OES) significantly decrease with the ion rejection beyond 99% after the solar thermal desalination with the PDA@MXene membrane. Meanwhile, the Na + ion concentration is below the salinity levels defined by the World Health Organization (WHO) and the standard of US Environmental Protection Agency (EPA) [76] .
To understand the importance of the innovative wrapping structure for the overall water evaporation performance, the PDA/MXene control membrane was prepared by mixing the PDA suspension with MXene colloidal solution in a certain ratio and then directly filtrating the homogeneous mixture through the PVDF filter membrane. Although their overall light absorption efficiencies are similar (Fig. S19 in the ESM and Fig. 3(c) ), the PDA@MXene membrane has larger water evaporation rate (1.276 kg/(m 2 ·h)) by comparison with the PDA/MXene membrane (1.188 kg/(m 2 ·h)), as shown in Fig. 5(a) . Perhaps two factors, i.e., water transportation channels and heat localization, account for this difference. A simple filter device was used to roughly assess the amounts of water transportation channels ( Fig. 5(b) ). Obviously, the water passed through the PDA@MXene membrane much faster than through the PDA/MXene membrane and pure MXene membrane during the vacuum filtration, likely due to the dense stacking of MXene flakes severely blocking water transfer for the PDA/MXene membrane and pure MXene membrane. As seen in Fig. 5(c) , the PDA/MXene membrane shows a smooth surface morphology because of the dense stacking of MXene flakes on the PDA sphere surface during vacuum filtration. In contrast, the PDA@MXene membrane surface is much rougher, similar to that of PDA membrane.
From the point of heat localization, the surface temperature of the PDA@MXene membrane after 10 min solar illumination under 5 sun is remarkably higher than that of the PDA/MXene membrane and pure MXene membrane evidenced by the IR thermal images (Fig. S20 in the ESM) . The thermal diffusivity, specific heat, and thermal conductivity were investigated to explain this phenomenon. Thermal conductivity (λ) was calculated by p λ α ρ C =´´, where λ, α, ρ and Cp represent thermal conductivity, thermal diffusivity, density and specific heat of the membranes, respectively. Figure S21 in the ESM shows that although the PDA@MXene membrane has relatively higher thermal diffusivity than the other two, its thermal conductivity is lower due to the lower specific heat, indicating that the PDA@MXene membrane has excellent heat localization capability owing to the rough surface and porous structure for the solar-driven interfacial evaporation. It is calculated that the heat conduction loss for PDA/MXene membrane is 7.5% of all irradiation energy, higher than that of PDA@MXene membrane, due to higher temperature of bulk water after 30 min solar illumination for PDA/MXene membrane. As a whole, the PDA@MXene membrane is particularly suitable for solar-driven interfacial evaporation application due to the fast water transport and efficient heat localization ability, as shown schematically in Fig. 5(d) .
The oxidative stability of MXene is of crucial importance to the performance [77, 78] . Previous efforts have proven that MXene is highly susceptible to oxidation in the presence of water, oxygen, and higher temperatures [77, 79] . There is no doubt that the oxidation of MXene inevitably occurs in solar evaporation application due to the simultaneous presence of water, oxygen, and solar irradiation. However, the impact of MXene stability on solar evaporation performance remains unexplored. Considering that MXene-based highly efficient light absorption composites is designed in the current work, it is necessary to study the effect of MXene oxidation on light absorption performance.
In order to investigate the effect of oxidative degradation on the light absorption efficiency of MXene, different degrees of transformation of Ti3C2Tx MXene to TiO2 were controlled by the hydrothermal (180 °C) oxidation time. The samples experienced different hydrothermal oxidation times are denoted as MXene (xh) where x represents the oxidation time. As shown in Fig. 6(a) , the fresh MXene nanosheet displays a smooth and clean surface, and after a 3 h hydrothermal oxidation, some small nanoparticles appear at the edge sites on its basal planes ( Fig. 6(b) ). As the oxidation time further increases to 8 h, more nanoparticles appear and the particle size becomes larger (Fig. 6(c) ). UV-vis extinction spectra was used to quantify the degradation phenomenon, as seen in Fig. S22 in the ESM. The intensity at 729 nm was chosen as the reference, and the degradation degrees of MXene are 48% and 71% after 3 and 8 h oxidation, respectively. The composition changes of Ti3C2Tx MXene during oxidative degradation process can be obtained from the X-ray diffraction (XRD) patterns ( Fig. 6(d) ). The fresh MXene exhibits an obvious diffraction peak (002) derived from the partial stacking of MXene nanosheets. After oxidation, two new diffraction peaks at 25.3° and 48° are observed which are attributed to the (101) and (200) crystal face of anatase TiO2, and the initial peak (002) of MXene is largely weakened, suggesting that the restacking of MXene nanosheets is restrained due to the formation of TiO2 nanoparticles on its surface [80] .
To evaluate the effect of MXene oxidation on the light absorption performance, oxidized MXene nanosheets were deposited onto air-laid paper (ALP) by a dip-coating process, and the obtained films are shown in the inset of Fig. 6(e) . It is shown that the film color changes from black to gray with the increase of oxidation time due to the formation of a large amount of white TiO2 particles when the oxidation time is long enough. Despite this, the light absorption performance of the oxidized MXene exhibits negligible attenuation even after 8 h oxidation, as shown in Fig. 6(e ). This can be attributed to the formation of TiO2/C/MXene composite which maintains strong light absorption ability even after partial oxidation of MXene, as shown schematically in Fig. 6(f) .
In order to evaluate the oxidative stability and light absorption stability of the PDA@MXene photothermal layer, an aging test was carried out under simulated 3 sun illumination when floating the PDA@MXene membrane on the surface of the standard seawater in open dishes, as shown in Fig. 6(g) . From the Raman spectra ( Fig. 6(h) ), both the fresh sample and aged sample exhibit four peaks at around 150, 260, 410, and 610 cm −1 , which are all assigned to MXene. After aging for 50 h, the peaks were little changed. Furthermore, there is no new peak appearing that refers to anatase TiO2, suggesting that oxidation degree of MXene is quite slight after aging for 50 h. This is also confirmed by the absence of obvious diffraction peaks of TiO2 on the XRD patterns ( Fig. S23 in the ESM). These results may be due to the fact that the solid MXene has a smaller contact area with water and oxygen compared with MXene in the colloidal solution [77] . Due to the negligible oxidation, the PDA@MXene membrane retains the original light absorption capacity after aging as shown in Fig. 6(i) . These results indicate that although a certain degree of oxidation inevitably occurs, the light absorption stability of MXene can be guaranteed, providing a prerequisite for the practical application of MXene-based light absorbing materials.
Conclusion
To summarize, we have demonstrated a PDA@MXene photothermal layer composed of well-defined core-shell PDA@MXene microspheres and a piece of PVDF filter membrane as a wide spectrum light absorber for highly efficient solardriven interfacial evaporation. The introduction of MXene significantly broadens the light absorption range of melaninlike PDA, while the unique wrapping structure provides ample water transportation channels by the gaps between the microspheres. Porous PVDF membrane enables water transportation to the heating surface and, at the same time, the intrinsic hydrophilicity of the PDA and MXenes ensures good wettability of the photothermal membrane. Owing to its large light absorption (~ 96%), outstanding photothermal conversion, heat localization, and efficient water transportation, the PDA@MXene photothermal layer exhibits remarkable solar-to-vapor generation performance (efficiency of 85.2% under 1 sun solar illumination) when floating on the water surface assisted by a piece of wood. In addition, the PDA@MXene photothermal layer is mechanically stable, and can keep stable light absorption and water evaporation performance under multiple illumination cycles. This work not only provides a novel strategy to construct MXene/polymer multifunctional composite architectures, but also shows great promise in the field of solar-to-vapor generation for solving water scarcity problem.
Experimental section

Materials
Layered ternary carbide (Ti3AlC2) MAX phase powder was procured from 11 Technology Co., LTD. Concentrated hydrochloric acid (HCl, technical grade, 35%-38%), ethanol, dopamine hydrochloride (DA), ammonia aqueous solution (28%-30%) and hydrophilic PVDF filter membrane were provided by Aladdin Biochemical Technology Co., Ltd. Lithium fluoride (LiF, ≥ 98%) was purchased from Alfa Aesar. Polypropylene membrane (3501 coated PP) was procured from Celgard LLC, NC. All the materials were used as received. Deionized (DI) water was used for all experiments.
Synthesis of PDA microspheres
PDA microspheres were prepared using a method reported by Lu and co-workers. In a typical synthesis of PDA microspheres with size of 490 nm, ammonia aqueous solution (NH4OH, 1.2 mL) was mixed with ethanol (40 mL) and deionized water (90 mL) under magnetic stirring at room temperature for 30 min. Dopamine hydrochloride (0.5 g) was dissolved in deionized water (10 mL) and then poured into the above mixture solution. The color of this solution immediately turned to pale brown and gradually changed to dark brown. The reaction was kept for 24 h. The PDA microspheres were obtained by centrifugation and water washing for three times. The control over the size of PDA microspheres was achieved by adjusting the amount of ammonia aqueous solution (1.6, 2.0, 2.4 mL for 390, 320, 270 nm, respectively).
Synthesis of MXene
MXene (Ti3C2Tx) was synthesized by etching the Ti3AlC2 MAX phase with LiF/HCl solution. Typically, 1 g LiF was dissolved in 20 mL 9 M HCl in a Teflon container under magnetic stirring for 5 min to ensure the dissolution of LiF. Then, 1 g Ti3AlC2 powder was slowly added into the LiF/HCl etching solution (in over 5 min), and the mixture was reacted at 35 °C for 24 h under magnetic stirring to obtain a stable suspension. The resultant Ti3C2Tx suspension was repeatedly washed with deionized water and centrifuged at 3,500 rpm for 5 min until pH > 5. The obtained Ti3C2Tx powder was dried under vacuum at 60 °C overnight. The delamination of Ti3C2Tx was conducted by sonication treatment followed by centrifugation for 1 h at 3,500 rpm to obtain a homogeneous supernatant with delaminated Ti3C2Tx (MXene). The concentration of the resulting MXene colloidal solution was determined by filtering a known volume of the solution on a polypropylene filter (Celgard 3501 coated PP) and measuring the weight of the resulting freestanding film after vacuum drying. 
Preparation of PDA@MXene photothermal membrane
To obtain the core-shell PDA@MXene microspheres, the MXene colloidal solution (1 mg/mL) and the PDA microspheres suspension (0.5 mg/mL) were directly mixed together and kept under stirring for 30 min. The mass ratio of MXene to PDA microspheres was controlled at 1:9. The mixture was then centrifuged at 3,500 rpm for 5 min and the solid residue was washed with deionized water and centrifuged at 3,500 rpm for another 5 min. After that, the black sediment denoted as PDA@MXene microspheres were collected and then added to deionized water to obtain PDA@MXene suspension. Finally, the resulting PDA@MXene photothermal membrane was obtained by filtrating the PDA@MXene microspheres on a hydrophilic PVDF filter membrane. The PDA/MXene membrane was prepared by mixing the PDA suspension with MXene colloidal solution in a ratio of 9:1 and then directly filtrating the homogeneous mixture onto the PVDF filter membrane.
Characterization
SEM images were recorded using a JEOL JSM-5900LV scanning electron microscope (SEM, Japan) at an accelerating voltage of 15 kV. Transmission electron microscopy images were obtained on a high-resolution transmission electron microscope (TEM, Tecnai G2 F20S-TWIN) equipped with a field emission gun operating at 200 kV. Tapping mode atomic force microscopy (AFM) images were recorded with atomic force microscope (AFM, Multimode 8, Bruker Corporation). Particle size distribution was analyzed by a Nano Measurer software. FTIR spectroscopy was obtained using a FTIR spectrometer (Nicolet 560). XPS was performed on an XSAM800 X-ray Photoelectron Spectrometer (Kratos Company, UK) with the Al Kα radiation (hv = 1,486.6 eV). XRD analysis was carried out on a Japan Rigaku X-ray diffractometer (UItima IV) from 2θ angle of 5° to 45° using Cu Kα radiation (λ = 0.154056 nm) at a scanning speed of 10°/min. Contact angles were measured by a Drop Shape Analysis System DSA25 (Kruess, Germany) at ambient temperature. The absorption performance was measured in the wavelength range of 250-1,500 nm using an ultraviolet-visible near-infrared (UV-vis-NIR) spectrophotometer (UV3600, Shimadzu, Japan) equipped with an integration sphere. The integrating sphere was used to collect the scattered light for accurate measurements. The thermal conductivity was tested with the laser flash technique (Netzsch, Pyroceram 9606 as reference sample, LFA 467, USA).
Steam generation and desalination experiments
To evaluate the solar-to-vapor generation performance of the photothermal membrane, a 150 mL beaker filled with water was placed on the electronic balance with an accuracy of 0.001 g. The steam generation experiments were performed by placing the membranes attached to a piece of wood on the surface of water. The membranes were irradiated by a lab-made device with a solar light simulator (CEL-HXUV300 xenon lamp, CEAULIGHT, China) and an optical filter for the standard AM 1.5 solar spectrum under an ambient temperature of ~ 20 °C. The power density of the solar light irradiation was determined by an accessional detector (CEL-NP2000 optical power meter, CEAULIGHT, China). The temperature was measured with an IR thermal camera (Fluke). The mass change of water with photothermal membrane after different time periods was recorded under solar illumination of 1, 2, 3, and 4 sun. The seawater desalination performance of the membrane was evaluated by using a simulated all-in-one device manually fabricated with lab-available materials. The standard seawater was employed and the concentrations of Na + , K + , Ca 2+ and Mg 2+ ions before and after desalination were measured by ICP-OES.
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